Ventricular septal defects (VSDs) are common congenital abnormalities which have been reported to be associated with maternal fever and various environmental factors. The aim of the present study was to evaluate the effect of prenatal exposure to cyclooxygenase (COX) inhibitors on heart defects. A retrospective statistical analysis was performed using data collected in our laboratory during various teratological studies carried out on albino CRL:(WI)WUBR Wistar strain rats from 1997 to 2004. The observations were compared with concurrent and historic control data, as well as findings from other developmental toxicological studies with selective and nonselective COX-2 inhibitors. Despite the lack of significant differences in the frequency of VSDs between drug-exposed and control groups, statistical analysis by the two-sided Mantel-Haenszel test and historical control data showed a higher incidence of heart defects in offspring exposed to nonselective COX inhibitors (30.06/10,000). Unlike other specific inhibitors, aspirin (46.26/10,000) and ibuprofen (106.95/ 10,000) significantly increased the incidence of the VSD when compared with various control groups (5. 38-19.72/10,000). No significant differences in length or weight were detected between fetuses exposed to COX inhibitors and born with VSD and non-malformed offsprings. However, a statistically significant increase of fetal body length and decrease of body mass index were found in fetuses exposed to COX inhibitors when compared with untreated control. We conclude that prenatal exposure to COX inhibitors, especially aspirin and ibuprofen, increased the incidence of VSDs in rat offspring but was not related to fetal growth retardation.
Abstract
Ventricular septal defects (VSDs) are common congenital abnormalities which have been reported to be associated with maternal fever and various environmental factors. The aim of the present study was to evaluate the effect of prenatal exposure to cyclooxygenase (COX) inhibitors on heart defects. A retrospective statistical analysis was performed using data collected in our laboratory during various teratological studies carried out on albino CRL:(WI)WUBR Wistar strain rats from 1997 to 2004. The observations were compared with concurrent and historic control data, as well as findings from other developmental toxicological studies with selective and nonselective COX-2 inhibitors. Despite the lack of significant differences in the frequency of VSDs between drug-exposed and control groups, statistical analysis by the two-sided Mantel-Haenszel test and historical control data showed a higher incidence of heart defects in offspring exposed to nonselective COX inhibitors (30.06/10,000). Unlike other specific inhibitors, aspirin (46.26/10,000) and ibuprofen (106.95/ 10,000) significantly increased the incidence of the VSD when compared with various control groups (5.38-19 .72/10,000). No significant differences in length or weight were detected between fetuses exposed to COX inhibitors and born with VSD and non-malformed offsprings. However, a statistically significant increase of fetal body length and decrease of body mass index were found in fetuses exposed to COX inhibitors when compared with untreated control. We conclude that prenatal exposure to COX inhibitors, especially aspirin and ibuprofen, increased the incidence of VSDs in rat offspring but was not related to fetal growth retardation.
Introduction
Ventricular septal defects (VSDs) are the most common cardiac congenital anomalies (1) (2) (3) . Their incidence ranges from 3 to 56 per 1000 newborns (2) depending on the screening methods used. Anatomically, these anomalies are divided into defects of the membranous or muscular part of the interventricular cardiac septum. In some cases the absence of both parts of the septum is observed that commonly coexists with addi-tional cardiovascular anomalies, e.g., aortic hypoplasia and transposition of large arteries (3, 4) . Observations in humans (4, 5) and animals (6,7) have revealed that, unlike small defects which may close spontaneously postnatally, major VSDs need various medical treatments.
The etiology of these malformations is still unclear. It is estimated that in 4% of cases a chromosomal or genetic defect exists (1, 8) . A role of environmental and chemical factors has also been suggested (9) . In addition, a review of the literature shows that various maternal diseases, e.g., diabetes mellitus, infections, fever, as well as the treatment applied, may induce VSDs (1-3,9,10). It has been emphasized that prenatal exposure to cyclooxygenase (COX) inhibitors increases the risk of septal defects (2, (11) (12) (13) (14) (15) (16) (17) (18) (19) . However, the dependence of these defects on maternal COX inhibitor exposure has never been fully confirmed.
COX inhibitors are the drugs most commonly ingested during pregnancy (20) . The group includes all the nonsteroidal anti-inflammatory drugs (NSAIDs), as well as COX inhibitors without anti-inflammatory activity, e.g., paracetamol (acetaminophen) and propyphenazone, which are used as popular analgesics and antipyretics. Depending on the country, some of these (aspirin, diclofenac, ibuprofen, paracetamol, propyphenazone, naproxen) are available without prescription (over-the-counter) and are used for self-medication (21) . For an increased therapeutic effect, NSAIDs are sold in mixed formula preparations that include also one of the following substances: caffeine, codeine or pseudoephedrine. Paracetamol, as a centrally active substance, could be mixed with other peripherally active COX inhibitors. However, such combinations are prohibited in some countries (22) .
According to their selectivity for both constitutive (COX-1) and induced (COX-2) isoenzymes, these drugs are divided into: selective COX-1 inhibitors (low doses of aspirin), nonselective COX inhibitors (traditional NSAIDs, propyphenazone), preferential COX-2 inhibitors (e.g., meloxicam), and selective COX-2 inhibitors (e.g., celecoxib, rofecoxib, valdecoxib, DFU, DuP-697) (23) . Due to the increased risk of cardiovascular complications, the selective COX-2 inhibitors were withdrawn from the market or their therapeutic use was limited (16) . It is worth mentioning that the COX-3 isoenzyme, recently found in the central nervous system is selectively inhibited by paracetamol (16) .
The present paper reports a summary of findings collected at the Experimental Teratology Unit of the Medical University of Lublin during various developmental toxicological studies on the effect of selective and non-selective COX-2 inhibitors in the years 1997-2004. The aim of the study was to evaluate the incidence of ventricular septal defects in COX inhibitor-exposed animals.
Material and Methods
All studies were carried out on albino CRL:(WI)WUBR Wistar rats according to the guidelines of the Local Bioethics Committee. Animals were obtained from a commercial breeder (Rembertow, Warsaw, Poland) and kept under standard laboratory conditions as previously described (24) (25) (26) (27) . The initial body weight of the dams on insemination day (gestational day 1, GD 1), ranged from 200 to 250 g. Commercial laboratory rat chow (LSM ® ; Agropol, Motycz, Poland) and filtered municipal tap water (Lublin, Poland) were provided ad libitum. All dams were intragastrically exposed to various selective, i.e., DuP-697 (5-bromo-2- (16) , and non-selective COX-2 inhibitors, i.e., ibuprofen (15) , paracetamol (25) , piroxicam (16) , propyphenazone (26) , and tolmetin (15) with or without caffeine (25, (27) (28) (29) . Detailed characteristics of all treated groups are presented in Table 1 . All compounds were administered separately or together with caffeine ground in Tween 80 (0.11 g/dose) and diluted in distilled water. The administration period was different in various studies but always covered the early organogenesis which occurs on GD 7-16 in rats. The animals in the corresponding control groups (historical control) received the Tween 80 water suspension in volumes corresponding to those given to the drug-treated groups (10 mL/kg body weight). Pregnancies were terminated on the GD 21 by cesarean section and comprehensive clinical maternal measurements were made (30) . The activity of alanine aminotransferase and aspartate aminotransferase, as well as urea and total protein level, were determined in maternal blood serum for selected drugs. Fetuses were removed, separated from the placenta, sexed and routinely examined macroscopically. The weight of fetuses and placentas, and the fetal crown-rump length were checked. The body mass index (BMI) and pre-and postimplantation mortality (loss) were calculated. One third of the randomly selected fetuses were dissected in situ or stained with Bouin solution and internally examined by the method of Wilson with our modifications (see Ref. 30) . The remaining fetuses were eviscerated and used for the skeletal examination. The eviscerated organs were also examined. However, for the final analysis only the heart dissected during in situ preparation or examined according to Wilson's method, as well as the corresponding fetal data, were included. Based on present terminology (31), all findings were classified as variations or malformations.
In contrast to typical teratology studies all fetuses were analyzed individually. The drug-exposed offsprings were divided into three groups: I) fetuses with VSDs (VSD group), II) fetuses without any external or internal congenital malformations (COX group), and III) fetuses with congenital malformation other than VSDs. Due to the wide spectrum of malformations, fetuses from group III were not included in the final statistical analysis. Untreated offsprings without any malformations were pooled into control group.
The unit for a statistical measurement was a single fetus. Homogeneity of distribution was examined using the KolmogorowSmirnow test. Due to non-homogeneous distribution of the untreated control group the Mann-Whitney U-test was used to analyze statistical differences in fetal growth parameters. To determine differences in the incidence of VSDs between the results obtained here and concurrent meta-analysis data presented by Cook et al. (17) the two-sided Mantel-Haenszel test was employed. The level of significance was set at P < 0.05 in all analyses.
Results
Of the 6744 liveborn fetuses prenatally exposed to various COX inhibitors in our laboratory, 1369 were dissected in situ or examined internally by the method of Wilson. VSDs were observed only in 6 rat fetuses exposed exclusively to nonselective COX inhibitors such as aspirin, ibuprofen, piroxicam, and tolmetin (Table 1) . In all cases the defect was limited to the membranous part of the septum. A single case of VSD was found in the untreated control group (N = 198).
A significant increase of fetal body weight and a secondary decrease of BMI were found in the group of fetuses prenatally exposed to COX inhibitors when compared with untreated control (Table 2) . Mean body weight, crown-rump length and BMI were higher in the group of fetuses born with VSD. In all cases, fetal weight and length were included in the 5-95% confidence interval in the nonmalformed COX inhibitor-exposed control (Figures 1 and 2) . However, no statistically Two cases of VSDs observed in the group exposed to ibuprofen and a single case from the tolmetin group were found in the litters in which post-implantation mortality and clinical signs of maternal toxicity occurred (data not shown). Furthermore, in these litters the values of the evaluated biochemical parameters were not within the 5-95% confisignificant differences were found when the two groups were compared (Table 2) . A highly significant (P < 0.01) correlation between fetal length and weight was observed in the non-malformed group (Figure 3) . Similar to the untreated control group (P = 0.0598), this correlation was nonsignificant (P = 0.5441) in the group of fetuses born with VSD. Crown-rump length of 21-dayold rat fetuses prenatally exposed to cyclooxygenase inhibitors. Each symbol indicates a single fetus with a ventricular septal defect exposed to the corresponding substance examined. Figure 1 . Weight of 21-day-old rat fetuses prenatally exposed to COX inhibitors. Each symbol indicates a single fetus with a ventricular septal defect exposed to the corresponding substance examined. Table 2 . Developmental parameters of untreated control rat fetuses (CON; N = 198), fetuses without any internal congenital malformations (COX; N = 1363) and offspring born with ventricular septal defects (VSD; N = 6) in groups prenatally exposed to various COX inhibitors. Min = minimum value; Max = maximum value; SD = standard deviation. *P < 0.05 compared to control (Mann-Whitney U-test).
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dence interval of the corresponding values for the COX inhibitor-exposed or untreated groups. No statistically significant difference in maternal body weight gain during pregnancy was noted between the two groups of fetuses exposed to COX inhibitors (COX vs VSD).
The pooled statistical analysis of our own data and concurrent data for the COX inhibitors with high anti-inflammatory activity reported by Cook et al. (17) and Cappon et al. (19) revealed that only nonselective compounds (as a group of drugs) increased the risk of VSD in rat fetuses (Figure 4 ). The highest expected ratio was found for ibuprofen (106.95/10,000 exposed fetuses) and aspirin (46.26/10,000). For both drugs the incidence was higher when compared with the control data reported in the studies of Pfizer (19) . However, no statistically significant differences were found between these two drugs (P = 0.1210). A lower ratio was calculated for the nonselective COX inhibitors, when aspirin was excluded (28.45/ 10,000) or included (30.06/10,000), and for the selective COX-2 inhibitors (18.38/ 10,000).
Discussion
The present study revealed a higher incidence of VSDs in rat fetuses prenatally exposed to various COX inhibitors. The highest toxic effects were found for ibuprofen and aspirin. This new grading of both drugs was possible due to new data which were not included in Cook's analysis (17) . It is worth mentioning that none of the available papers proved the cardiac prenatal toxicity of a single COX inhibitor in in vivo animal studies. However, a nonsignificant increase in VSDs, as well as in other congenital anomalies, was observed (15) (16) (17) (18) (19) . This was a con- (19) . Data for nonselective COX inhibitors contain our own (Table 1) and Cappon et al. (19) findings, and all previous observations summarized by Cook et al. (17) . The ratio (fetuses affected/total fetuses examined) is listed, with the source or drug group on the abscissa. Data were analyzed statistically by the two-sided Mantel-Haenszel test.
sequence of the small number of cardiac abnormalities and incidental character of those changes in the corresponding control groups, a fact that makes statistical analysis difficult or impossible (32) . Based on our ibuprofen observations, we suggest that other COX inhibitors, including selective and nonselective compounds, may have similar or even higher developmental toxic cardiac effects. Findings from a limited number of studies, one in particular (17), are not sufficient to draw reliable final conclusions about the target organ toxicity.
The results may also be influenced by the dose level and rat strain used in the studies from various laboratories. Regarding ibuprofen, tolmetin and piroxicam, dose dependency is likely since the VSDs were observed in the litters exposed to doses over the non-observed toxic level for each compound. However, this effect was not observed by Cook et al. (17) . Because of the low incidence of cardiac defects and large number of various rat stocks used to evaluate the prenatal toxicity of COX inhibitors, the influence of animal strains is difficult to prove. On the other hand, the differences in the incidence of developmental malformations or variations have been confirmed in different stocks or strains of laboratory animals. For example, asymmetrical vertebrae were observed in 3% of untreated OsborneMendel rats and only in 0.6% of Wistar rats (33) . A lower incidence of this anomaly was detected in Charles River CD-1 mice but not in a population of NMRI mice. Since our studies were performed on the same strain of albino CRL:(WI)WUBR Wistar rats and because of the low number of defects, the different sensitivity of other rat strains should be considered as a potential factor that may modify the developmental tolerability of COX inhibitors.
Unlike in the analogue midline defect (MD) study (34) , no correlation between fetal growth and VSDs was found here. The weight and length of all the malformed fetuses corresponded to the 5-95% confidence interval for non-malformed fetuses, as well as for our own untreated control data. Interestingly, the fetal weight of the fetuses prenatally exposed to COX inhibitors was significantly higher when compared with the untreated control group. However, the intrauterine growth retardation observed in rat fetuses with MD has been previously reported also in rabbits (18) . Such findings were confirmed for other congenital anomalies, including diaphragmatic hernia, which, similar to VSDs and MDs, has been related to prenatal exposure to COX inhibitors (17) (18) (19) . It is worth mentioning that the incidence of MDs in the rat group exposed to aspirin was significantly higher when compared to other nonselective COX inhibitors (P = 0.019), ibuprofen itself (P = 0.005), and selective COX-2 inhibitors (P < 0.0001) (16) .
On the other hand, it has been proved that small VSDs induced by prenatal exposure to trimethadione did not significantly affect fetal viability or growth (7) . Unlike all other COX inhibitor studies, the developmental effect was treatment-related. In the low dose group (400 mg/kg) the incidence and severity of VSDs were lower, and the septal anomalies were detected by the presence of blood flowing through the defect from the closed right ventricle. However, in the higher dose group (600 mg/kg) most of the VSDs were grossly visible. The incidence of VSDs decreased after birth from 7.6 to 0% and from 49.8 to 6.4% in groups exposed to 400 and 600 mg/kg trimethadione, respectively. As stressed by Fleeman et al. (7), similar to our findings, all defects were limited to the membranous part of the septum. Furthermore, other cardiac and large vessel anomalies occurred in the higher drug dose group. This may indicate even higher incidence of VSDs in COX-exposed fetuses since none of the studies applied the blood flow procedure. Comparable findings were also reported for fetal growth parameters. Although a treatment-related decrease of mean fetal weight F. Burdan et al. was observed at both doses used, no statistically significant differences were found between fetuses with VSDs and non-malformed ones. No association between intrauterine growth retardation and VSDs was also observed by Solomon et al. (6) , who found a similar incidence of malformations in control and in growth-retarded fetuses whose mothers were treated with a 25% restricted diet. The spontaneous postnatal closure of VSDs was also reported.
The primary mechanism underlying VSDs, MDs, diaphragmatic hernia (15) (16) (17) , and skeletal anomalies (15, 16, 24) has been associated with prenatal COX-1 blockade and disturbances in eicosanoid physiology. COX-1 is the only COX isoenzyme which was detected throughout the whole embryonic and fetal period, and could regulate prostaglandins, prostacyclin and thromboxane synthesis (35) . COX-2 expression was revealed only in the skin, heart, cartilage, and kidney of fetuses aged ≥16 GD (35) when interventricular septation was completed (36) . The critical period for the ventricular septal development appears to be between GD 8 and 16. It includes development of the primordial endocardium (GD 8.25-8.5) from which the endocardial cushion originates (GD 13), and finally the formation of the membranous part of the ventricular septum (36) .
A COX-1-dependent mechanism explains the high prenatal toxicity of aspirin. Aspirin, unlike other common NSAIDs, is an irreversible COX inhibitor which at low doses selectively blocks the COX-1 isoenzyme (18, 23) . This mechanism also explains the good prenatal tolerance of COX-2 selective compounds, which induce only intrauterine growth retardation when administered at high doses. Retardation seems to be secondary to COX-2 inhibition in late pregnancy (16, 24) . On the other hand, single cases of VSDs and gastroschisis were observed in fetuses treated in utero with very high dose of CJ-19,209 (19) and DFU (16) , respectively. However, there was no information whether the COX-2 selectivity level was exceeded. According to recent observations (16, 17, 19) , and since both compounds have a high COX-2 specificity ratio (16, 19) , VSD and MD cases should be recognized as spontaneous events not related to COX-2 blockade. Further studies with other selective compounds are necessary to confirm their high prenatal safety, since the available data are insufficient for reliable statistical analysis. It should be mentioned that a similar effect, limited to the diaphragmatic hernia, was observed for celecoxib, which is the oldest COX-2 inhibitor available on the market (37) . The defect was found in rat offspring prenatally exposed to a dose just six times higher than the human therapeutic one.
The animal findings were partially confirmed in human observations. The Swedish study (12) showed an increased prevalence of VSDs among children exposed to the nonselective drugs (diclofenac, ibuprofen, naproxen). A higher than expected incidence of congenital cardiac anomalies was also found in other studies (1, 14, 38) . However, contrary data were also reported (2,9,11,13). In most of the studies, it was mentioned that the VSDs are associated with maternal fever, which was the main reason for taking the drugs (9) (10) (11) 13, 14) . On the other hand, hyperthermia itself may induce apoptosis and disturb septal development (39, 40) .
We may conclude that prenatal exposure to COX inhibitors, especially aspirin and ibuprofen, increased the incidence of ventricular septal defects in rat offspring. More intensive studies, including evaluations of target organ toxicity, for other COX inhibitors are needed to estimate the risk of application of a specific compound rather than of the whole group of drugs.
